Abstract: Vascular access dysfunction continues to be a major factor contributor to the morbidity and mortality of hemodialysis patient. Percutaneous intervention has been the central therapeutic modality used to treat dialysis vascular access dysfunction with limited success. Vascular biology research has shed considerable light on the pathophysiologic processes that lead to the development of neointimal hyperplasia, the culprit lesion for vascular access dysfunction, suggesting possible newer novel therapeutic interventions. In this review we discuss; (1) recent advances in the utilization of image based predictive medicine in improving access type selection prior to access creation; (2) current and promising treatment modalities including brachytherapy, gene therapy and pharmacotherapy for prevention of neointimal hyperplasia; (3) alternate imaging modalities during percutaneous endovascular interventions. Though novel therapeutic interventions are evolving, robust clinical studies to identify optimal therapeutic method are needed. A combination of evidenced based interventions from pre access creation up until final abandonment of vascular access is worthy of exploration.
INTRODUCTION
Vascular access (VA), often referred to as the achilles heel of hemodialysis (HD), is one of the weakest links in the care of an HD patient. VA dysfunction contributes to the morbidity and mortality of HD patients at a significant financial cost. Among the available VA options, catheters are least and functional arteriovenous fistula (AVF) are most preferred, with arteriovenous graft (AVG) residing in the middle. Etiology for VA dysfunction among AVF and AVG is mainly attributed to development of neointimal hyperplasia (NIH) [1] . Today, after more than 50 years since the introduction of AVF, AVG and percutaneous transluminal angioplasty (PTA) balloons for treatment of stenosis, the effective treatment of VA dysfunction remains elusive [2] . Recent advances in our understanding of the pathophysiology of NIH and of fluid dynamics, combined with advances in endovascular devices are leading to the evolution of newer therapies. The aim of this review is to identify recent advances in novel therapeutic modalities.
ADVANCES IN PRE-OPERATIVE VASCULAR MAPPING
Evaluation of the vasculature prior to access construction has moved beyond the simple physical examination alone to include Doppler ultrasound (US) studies and or angiography to delineate the targeted access vasculature. This has occurred in part from the aging of the population in whom a *Address correspondence to this author at the Division of Nephrology and Hypertension, Henry Ford Hospital, CFP 507, 2799 West Grand Boulevard, Detroit, MI 48202, USA; Tel: 313-916-2711; E-mail: lkumbar1@hfhs.org greater burden of arterial disease at potential sites of construction might be expected and from the recent documentation, that the veins themselves in advanced CKD are horribly diseased [3] . Use of US in conjunction with physical examination has improved fistula anatomic patency and functional patency [4, 5] . However, despite the widespread use of pre-operative vascular mapping, the fistula maturation can still be unpredictable and disparities in patients over 65 years, females and in forearm location persist [6] .
Predictive Medicine in Vascular Access Care
Predictive medicine, a relatively new discipline uses computational tools with patient specific data in a model based approach to provide additional information for the access surgeon. Pulse wave propagation data incorporating patient specific parameters during duplex ultrasound examination (US) along with arterial data from the published literature can be used to make decisions. Bode et al. tested a predictive model based on such pulse wave propagation to predict post operative blood flow a major determinant of maturation and patency in AVF [7] . AVF surgical site was assumed to be within 5 cm from the elbow or wrist joints and the angle of anastomosis at 45°. For each patient, three AVF configurations (radiocephalic fistula, brachiocephalic fistula and brachiobasilic transposed fistula) were considered. Model recommended the AVF option based on the predicted flow between 400 ml/min to 1500 ml/min. The suggested configuration was then compared with the surgeon's choice. Preoperative arterial mean blood flows were measured by Magnetic Resonance and post operative flows were measured using US after one week post fistula creation. Twenty three out of 25 patients had clinically measured flows post fistula creation. Predicted flow overlapped with measured blood flow at one week post operation in about 70% (16/23) patients and had an agreement of 76% with the choice of the surgeon. Though this study suffers from the small sample, incomplete patient specific parameters, different flow measurement techniques and short term flow prediction, it is an important step in developing an adjuvant tool in the preoperative workup of patients receiving access surgeries.
Following-up on the work of Bode, a more recent study uses non contrast enhanced magnetic resonance angiography (NCE-MRA) to provide arterial characteristics and semi quantitative venous characteristics [8] . This study from Netherlands aimed to assess the effect of geometric input on prediction of blood flow in vascular access using a generic circulation model with individualization limited to arm geometry (arterial diameters by NCE-MRA and venous parameters by US) and arterial flow using duplex ultrasound. At the end of the study, data on 21 out of 25 subjects was available for analysis; 70% (15/21) had an overlap of predicted and measured blood flows. Some of the weaknesses from the Bode study continue to persist including use of ultrasound method for flow measurements and dissimilar methods to measure arterial and venous parameters. Clinical use is likely to be limited due to logistics of acquiring the preoperative data and the inhibitory cost of magnetic resonance angiography.
The aim of these predictive modeling studies is to develop a clinical tool to provide patient specific vascular access advice prior to access surgery. A complete in vitro model mimicking the pulsatile upper extremity vasculature is in development and is expected to provide guidance in the future [9] . With continued improvements in predictive models utilizing clinically relevant and economically prudent imaging modalities, a truly individualized preoperative vascular access predictive tool may be realized in future.
VENOUS STENOSIS-ROLE OF NEOINTIMAL HYPERPLASIA
Vascular access dysfunction may be seen from the time of access creation to its abandonment. A significant proportion of AVF created still fail to mature with rates varying from 30% to 60% even with some recent improvements [10] [11] [12] [13] . Such high primary failure has consequences in the form of catheter dependence, limited available access sites, patient and or health care provider fatigue.
Vascular remodeling is initiated in both feeding artery and draining vein once the anastomosis is created between them [14] . This results in either a healthy outward remodeling or an unhealthy inward remodeling. The unhealthy inward remodeling leads to compromise of access lumen identified as stenosis on imaging modalities. The most important factor for early AVF and AVG dysfunction is venous neointimal hyperplasia (NIH) [15, 16] . The histopathology of NIH at the vein to graft anastomosis has been eloquently described by Roy-Chaudhury [16] . Venous NIH is characterized by presence of actin positive smooth muscle cells along with extracellular matrix, markers of oxidative stress and growth factors [17] . Composition of early and late venous stenosis in AVF is similar to that of AVG; unfortunately the intimal substrate is abnormal showing changes of intimal hyperplasia even before a fistula is created as demonstrated by Lee et al. [3, 15] . Other factors which may contribute to the development and propagation of NIH include oxidative stress and inflammatory mediators ( Table 1) . These processes lead to: (1) Activation, migration and proliferation of smooth muscle cells and myofibroblasts; (2) Formation of Neointimal Hyperplasia. Markers of endothelial dysfunction such as increased thickening of arterial intima, media and medial hypertrophy that result from these processes are found to affect the outcome of AVF [18] [19] [20] . With these known and possibly many unknown factors (Hemoxygenase 1, Nitrotyrosine) in play, a better understanding of the interaction between the flow dynamic and vascular adaptations are essential for developing successful therapy [21] . 
TREATMENT OF VASCULAR ACCESS DYSFUNCTION
The options for treating vascular access dysfunctions can broadly be divided into
1)
Prevention and or suppression of NIH development.
2) Treatment of established neointimal hyperplasia
Developments in antiproliferative agents and modes of their delivery are very promising in addressing the preventive measures against NIH. Among treatment for established NIH, percutaneous transluminal angioplasty (PTA) has been the mainstay along with increasing role of percutaneous transluminal endovascular stent placement (PTS). The following section will provide a brief description of recent developments in vascular access dysfunction.
Pharmacotherapy in Dialysis Access
Advances in understanding the pathogenesis and mediators of NIH, has generated attempts to evaluate benefits of using commercially available antiproliferative and antithrombotic drugs in vascular access care. A recent review by Jackson et al., found only 13 randomized clinical trials investigating use of medications to improve vascular access patency in last 60 years [22] . Among these, antiplatelet agents are by far the most studied including Aspirin, Dipyridamole, Ticlopidine and Clopidrogel.
A randomized double blind control trial of Dipyridamole with Aspirin showed modest but significant increase in unassisted primary patency at one year (HR=0.82, CI 0.68-0.98, p=0.03) without significant cumulative survival [23] .
Among the three randomized clinical trials with clopidogrel, the recent study by Dialysis Access Consortium evaluated the thrombosis rates of AVF at 6 weeks post surgery in more than 800 patients randomized to receive either clopidogrel or placebo [13] . The study reported a reduction in arteriovenous fistula occlusion at 6 weeks (relative risk reduction = 0.63) with no significant difference between the two groups on secondary outcome of fistula usability. However this study had a very high failure to mature rate even though all AVF were created at academic medical centers; this limited the ability to improvement in short term patency rates with use of antiplatelet agents. Meaningful clinical applications are yet to be ascertained.
The most interesting natural supplement product that generated interest in modifying the pathogenesis of NIH is "Fish Oil". The main ingredients eicosapentaenoic acid and docosahexaenoic acid have been shown to have antiproliferative, antioxidative effects that could affect neointimal hyperplasia [24, 25] . In a canine model of vein graft arteriosclerosis, fish oil was found to inhibit intimal thickness [26] . In a small, single centered double blinded randomized trial by Schmitz et al., fish oil administration lead to a significantly higher primary patency rate at 1 year (75% to 14%) among hemodialysis grafts [27] . These promising results lead to a recently reported multi-centered double blind randomized controlled trial, "Fish oil inhibition of stenosis in hemodialysis grafts study" (FISH study) that evaluated not only the patency rates of the access but also the cardiovascular outcomes in dialysis patients [28] . 201 chronic kidney disease stage 5 patients were randomized to receive 4 grams of deodorized fish oil or placebo 7 days after creation of AVG. At 12 months of follow-up, there was no significant difference in primary end point of graft thrombosis or revisions, but patients on fish oil supplementation had fewer thrombotic episodes, interventions and improved cardiovascular survival.
Thus, even though an effective pharmacotherapy still eludes us despite advanced knowledge about processes leading to vascular access dysfunction, additional approaches continue. Some of the drugs of interest for future include cilostazol. Cilostazol is a phosphodiesterase III inhibitor with antiplatelet and vascular smooth muscle cell proliferation inhibitor properties. Cilostazol was found to decrease restenosis rates in coronary artery angioplasty [29] . In another study, hemodialysis patients undergoing peripheral arterial angioplasty were enrolled to receive cilostazol along with standard therapy and compared with standard therapy alone [30] . Cilostazol was found to have a beneficial effect on restenosis and was an independent predictor of preventing restenosis (HR = 0.50, CI 0.26 to 0.87, P=0.014). Though no current studies have evaluated its effects on restenosis rates following angioplasty of dialysis access, future studies in this area may be beneficial.
Antiproliferative Agents in Dialysis Access Dysfunction
Modification of the venous endothelial response to arteriovenous fistula or graft creation appears to be the center stage for novel therapies. Drug eluting devices have been in development for over 10 years, mainly in the coronary artery disease. With the development and increased use of endovascular stent technology in coronary arteries, NIH was recognized to be a major factor affecting the long term outcomes. Antiproliferative agents were incorporated into the stent in an effort to prevent development of NIH. Sirolimus and its analogues Everolimus and Zatorolimus are actively being studied and some have entered clinical use via coronary endovascular stents [59] . The first in human study of using sirolimus eluting vascular wrap around graft vein anastomosis was recently reported by Paulson et al. [60] . Safety and efficacy of using sirolimus eluting wraps placed around the venous anastomosis was studied in 12 patients with 13 graft placements. This small study reported no perioperative drug related complications with systemic drug levels sub therapeutic for immunosuppresion and a primary unassisted patency rates at 12 and 24 months of 76% and 38%. Although in its early stage, this promising results need to be explored in larger clinical trials.
Paclitaxel, a mitotic inhibitor developed by national cancer institute is a cancer chemotherapy medication used for lung, breast, ovarian, head and neck and Kaposi`s sarcoma. Paclitaxel coated drug eluting coronary stents have been widely studied along with sirolimus based devices. It was one of the four drugs found to inhibit human aortic smooth muscle proliferation but at concentrations much above much above those that could be achieved by systemic administration [61] . Drug delivery system, like antiproliferative agents is equally important in preventing neointimal hyperplasia. For hemodialysis access, drug delivery has to be local and prolonged over a period of time. The current delivery systems mainly include drug coated balloons and drug impregnated perivascular wraps [62] .
Kohler et al. used paclitaxel coated vascular wraps at the venous anastomosis in an animal study [63] . Forty neutered male sheep were assigned to receive the vascular wraps at different drug concentration during the construction of arteriovenous grafts. Paclitaxel eluting wraps significantly reduced neointimal proliferation without affecting the wound healing or local injury to the vein.
Katsanos et al. reported a 6 month randomized prospective trial comparing paclitaxel coated angioplasty balloon to standard angioplasty balloon [64] . In this study, 40 patients were randomized into two groups of 20 each. One group received angioplasty using paclitaxel coated angioplasty balloon and the control group with standard angioplasty balloon. Though device success was only 45% in the paclitaxel group, procedure success was 100% in both groups with the use of high pressure balloons. At 6 months, paclitaxel group had significantly higher primary patency compared with standard group (70% vs 25% p<0.006). Though more robust studies with adequate power and long term patency rate are needed to confirm this advantage, it does demonstrate even short exposure time from a coated balloon angioplasty itself may be enough to improve the primary patency rate.
Role of Brachytherapy to Treat NIH
Early work at inhibiting vascular restenosis evaluated the effect of brachytherapy on the cellular response of vascular injury [65, 66] . Radiation therapy to treat neo intimal hyperplasia was studied mainly in the context of coronary and peripheral arterial angioplasties with and without stent placement [67] . Though in the interim period, there was reasonable reduction in re-stenosis rate, long term benefits were lacking. Along with the advent of drug eluting stents and advancement of vascular medicine, use of radiation therapy for use in coronary and peripheral arterial disease went out of favor. Teratola et al. used brachytherapy in a dog model to induce reduction of neointimal hyperplasia in an arteriovenous graft [68] . Early clinical studies by Cohen et al. on use of external beam radiation in dialysis access in 31 patients showed minimal effect on venous stenosis [69] . The promising data from animal studies but mixed results from early human studies on use of radiation therapy to prevent venous stenosis led to Beta Radiation for ArterioVenous Graft Outflow Stenosis study (BRAVO 1) [70] . This pilot study to evaluate effect of brachytherapy on dysfunctional but patent AVG was conducted among 25 patients. Though brachytherapy was found to be safe and primary patency at 6 months was statistically significant (42% vs 0% p=0.015), secondary patency did not improve at 6 or 12 months. The subsequent larger randomized study (BRAVO 2) with a recruitment goal of 215 patients was discontinued for non patient safety reasons [71] . Lack of proven therapy to treat vascular access dysfunction demands continued search for a viable alternative and brachytherapy is still a contender.
Percutaneous Transluminal Angioplasty (PTA) of Dysfunctional Arteriovenous Fistula or Grafts
The current therapies employed to treat vascular access dysfunction have centered on ways and means of maintaining luminal patency. Since 1980`s when angiography was employed for evaluation of vascular access dysfunction, angioplasty has been the standard of care in maintaining luminal patency by treating venous stenosis [31, 32] . Over the course of 3 decades, this technique evolved from a hospital based inpatient setting to being an outpatient office based procedure enabled by advances in hardware utilized for these procedures.
The main aim of performing a percutaneous transluminal angioplasty of established venous stenosis has been to induce a controlled dissection of the vessel wall with the goal of increasing the luminal size and in so doing disrupt the neointimal hyperplasia by either compression and/or inducing micro fractures. KDOQI guidelines state that any stenosis >50% in relation to a normal appearing adjacent venous segment in conjunction with clinical or physiological symptoms be treated with PTA or surgical revision [1] . A successful angioplasty has been defined as residual stenosis <30% with acceptable resolution of clinical and physiological parameters used to detect the stenosis in AVG.
Compared to AVG, literature on PTA of AVF are limited in numbers but with reported technical success rates as high as 96.5% (n=1561) [33] . In percutaneous transluminal angioplasty of AVF venous stenosis, 30% residual stenosis has not been found to be a significant factor in clinical outcomes [34] . In a retrospective cohort study of 65 consecutive patients with native AVF who underwent angioplasty, there was no significant difference in long term patency between 17 lesions with greater than 30% residual stenosis and the remaining lesions with less than 30% stenosis. The observation that stenotic segment length was more important than the degree of stenosis for long term outcomes is important. The resistance to flow is not just a function of the cross sectional area but the length of the lesion as well. The patency rates for PTA of fistula have varied depending on the type and age of the fistula. The primary patency rates have been anywhere from 55% -77% at 6 months and 26% -51% at 12 months. The secondary patency rates are more promising at 80% to 90% at both 6 and 12 months [34] [35] [36] [37] . With lack of well designed outcome studies, the efficacy of PTA in treating venous stenosis i.e. NIH in arteriovenous fistula is debatable, particularly if the inter-procedure interval shortens to several months.
Once an access is occluded, optimal methods available include surgical thrombectomy or percutaneous endovascular techniques utilitizing mechanical or chemical thrombolytics and or thromboaspiration. A recent meta-analysis by Kuhan et al. reported no randomized studies comparing surgical vs endovascular techniques to treat thrombosis in native fistula [38] . Only 6 randomized clinical trials evaluated surgical technique in comparison with endovascular techniques in prosthetic grafts. Technical success, need for access line, patency at 30 days and one year were similar between the two groups and assisted patency at 1 year was better for surgery. The included studies were conducted mostly before 2000 and some of the findings were contradictory to an earlier meta-analysis by Green et al. in 2002 [39] . At the present time, endovascular treatment of occluded prosthetic grafts is the preferred method based on evidence from historical studies. Advancement in endovascular balloon, endovascular stents and thrombectomy devices probably have made an impact but strong statistical evidence favoring endovascular techniques is still lacking. These inconsistencies in results could be attributable to some degree on variation in definition of endpoints. North American Vascular Access Consortium has proposed working and standard vascular access definitions to bring common ground as has the Society for Vascular Surgery [40, 41] . Future researchers are strongly encouraged to use these standard definitions to bring about consistency in vascular access literature.
Advances in Imaging Modality: Ultrasound Guided Percutaneous Transluminal Angioplasty
The gold standard imaging modality for performing percutaneous transluminal angioplasty of the blood vessels has been fluoroscopy and digital subtraction angiography. Some of the drawbacks of this modality are: 1-Exposure to radiation; 2-Exposure to iodinated contrast agents; 3-Fluoroscopic imaging hardware. Advances in ultrasonography have provided an alternate option for performing percutaneous transluminal angioplasty (PTA). In 1996, Wittenberg et al. described the technical aspects of using color coded duplex sonography to guide peripheral interventions in dialysis shunts [42] . Duplex guidance has been used for interventions in peripheral arteries and even internal carotid arteries [43] [44] [45] . In 2007, the group from Maimonides Medical Center in Brooklyn, NY reported performance of angioplasty on 10 dialysis access (9 fistulae and 1 graft) including placement of an endovascular stent for elastic recoil [46] . Two years later, the same authors reported data on 25 patients with 32 office based duplex guided angioplasties of autologous fistulae [47] . 27 of the 32 procedures were performed on failure to mature fistula. All procedures were completed without the need for fluoroscopic guidance with only two patients experiencing significant complications. They also reported a 4.32 times more revenue from using the duplex guidance in comparison with hospital based fluoroscopic guidance. As they used only the professional component of the hospital based fluoroscopic procedures for this comparison, the data on real cost savings in comparison with office based fluoroscopic procedure is lacking.
In 2010, Fox et al. reported the outcomes in 223 office based duplex guided dialysis access angioplasty procedures [48] . This study excluded patients with possible central venous stenosis and measured changes in volume flow together with changes in luminal diameter. With the use of ultrasound guided local infiltration of lidocaine, conscious sedation was avoided and hence the associated need for trained personnel, sedation risk and post procedure recovery issues. 98% of procedures (n=219) achieved technical success with 9% of the patients (n=21) developing minor complications. Although this study reported high technical success along with low complication rates, it lacked predefined clinical end points i.e. long term patency rates.
Recently, Wakabayashi et al. reported from Japan results from 4869 ultrasound guided percutaneous transluminal angioplasties in more than one thousand patients over a 7 year period [49] . Along with peripheral vessels, they used a microconvex transducer probe to visualize subclavian and brachiocephalic veins through the intercostals space. Unlike prior studies thrombo-aspiration was also performed under ultrasound guidance for thrombosed accesses. Overall technical success was achieved in 97% (4731 out of 4869) with equivalent success in thrombosed procedures (443 out of 455). Though fluoroscopic guidance was used for bailout during the earlier phase of the study period, procedures were done completely under ultrasound guidance last two years of the study period. The overall one month patency rate was 94% with thrombosed cases also having a patency rate of 91% at 30 days. Major complications requiring surgical interventions were very small (n=12).
These early studies utilizing ultrasound guidance for PTA have reported the technical and safety details under various clinical scenarios including thrombosed access. The advantages of ultrasound guidance include lack of radiation exposure for both patient and healthcare associates, no requirement of the more expensive fluoroscopic hardware, less digital footprint and possible development in the future of performing the procedures in the dialysis chair. There is a perceived economic advantage of this guidance compared with hospital based fluoroscopic studies but true cost comparison with office based fluoroscopic studies is still warranted. The need for a trained vascular technologist to be part of the procedure is a disadvantage and might mitigate the some of the positives associated with this guidance. In addition, the inability to visualize central venous system may be a limitation for this guidance and makes the case for long term patency studies in comparison with fluoroscopic guidance to be done to assess its impact. Though promising, studies evaluating ultrasound guided percutaneous procedure outcomes in relation to type and position of the dialysis access also are sorely warranted before this can become the modality of choice.
Genetics in Vascular Access Care
If endovascular changes like neo-intimal hyperplasia can be avoided or altered, then subsequent luminal narrowing and access dysfunction can be minimized. This logical approach has lead to many attempts at modifying or mitigating the endovascular changes.
Genetic composition is increasingly being recognized to play a role in many aspects of medicine. In many studies graft and fistula failure has been linked to genetic polymorphisms [50] . Polymorphisms of methylenetetrahydrofolate reductase (MTHFR), Hemeoxygenase 1, factor V, transforming growth factor_1 and klotho and more recently have independently linked SNP rs6019 polymorphisms of factor V, a prothrombotic compound with graft failure [50] [51] [52] [53] [54] [55] [56] [57] . Genetic modification not only involves identification of genes involved but also developing an optimal, clinically relevant method for delivery. In a recent animal model, Globerman et al. attempted to use plasmid based vascular gene delivery system [58] . Plasmids encoding for endothelial nitric oxide genes were instilled into the blood vessels at the time or after arteriovenous fistula creation in a rat AVF model. Transgene expression was confined to the venous limb of the fistula with no adverse tissue reaction and with sustained production of nitric oxide. Though it is at an early stage, gene therapy is an exciting avenue for the future.
SUMMARY
Vascular access continues to be the weakest link in the care of end stage renal disease patients. Advances in predictive medicine to identify an optimal access along with judicious use for antiproliferative therapy to minimize the burden of neointimal hyperplasia and its downstream complications may provide us with an elusive ideal vascular access. Further studies utilizing a combination of measures might be needed to evaluate the additive effects of different therapeutic modalities.
